Abstract. The thermal and mechanical characteristics of various Mg-Cu(Ni)-Y(Gd) metallic glassy alloys prepared by melt spinning are examined using differential scanning calorimetry (DSC), thermomechanical analyzer (TMA), and instrumental nanoindenter. The replacement of Y by Gd appears to benefit both the thermal and mechanical properties, while the replacement of Cu by Ni improves only the hardness and modulus, with the sacrifice of thermal characteristics. The amorphous Mg-Cu-Gd based alloys can be fabricated into rods with a diameter greater than 6 mm, with minimum porosity and reasonable toughness.
Introduction
Before 1990, the minimum critical cooling rate has been reported to be above 10 4 K/s for Fe-, Coand Ni-based metallic glasses, and above 10 2 K/s for Pt-and Pd-based metallic glasses [1] [2] [3] [4] . In the 1990s, new ternary metallic glasses were found in the Mg-TM-Ln [5, 6] , La-Al-Tm [7, 8] and Zr-Al-TM [9] systems with much lower minimum critical cooling rates between 10-100 K/s. Since then, the alloy design, fabrication improvement, and property evaluation of bulk metallic glasses (BMG) have progressed rapidly.
Metallic glassy alloys exhibit some unique physical properties such as high corrosion resistance, excellent elasticity and strength as compared to their corresponding crystalline alloys. The low density, high specific strength and good corrosion resistance make Mg-based metallic glassy alloys attractive as new automotive and aeronautic materials [4] . Although the lack of ductility has limited the application of Mg-based metallic glassy alloys, Perez et al. [10] have reported that a proper annealing process improved the brittle property of Mg-based metallic glassy alloys. Men et al. [11] , and Yuan and Inoue, [12] also reported that the addition of Ni and Gd can change the properties of Mg-TM-Ln system alloys. Recently, a number of studies on elastic-plastic behavior of metallic glasses have been conducted using the naonindentation and Vickers indentation tests [13] [14] [15] [16] [17] . These studies provided many insights into the mechanisms and mechanics of the metallic glassy during deformation. The current paper reports the new findings of the thermal and mechanical characteristics of several Mg-Cu(Ni)-Y(Gd) based amorphous alloys obtained from the nanaindentation and thermomechanical analyzer (TMA).
Materials and Experiments
The pre-alloyed ingots of Cu-Y, Cu-Gd and Ni-Gd binary alloys were first prepared by arc melting under a Ti-gettered argon atmosphere. The purity of Cu, Y, Gd and Ni were 99.999%, 99.9%, 99.9% and 99.9%, respectively. Then the ingot was melted with pure Mg (99.99%) in an induction furnace under a purified argon atmosphere. Metallic glassy ribbons of about 100 µm in thickness and 10 mm in width were subsequently prepared by the single roller melt-spinning technique. Selected bulk metallic glassy (BMG) rods were also fabricated by injection casting. The as-quenched samples were first confirmed to be amorphous using Siemens D5000 X-ray diffraction (XRD) with monochromatic Cu-K α radiation. Thermal properties of the metallic glassy samples were characterized by TA Instruments DSC 2920 differential scanning calorimeter (DSC) with a heating rate of 10-40 K/min. The relationship between temperature and relative displacement of the samples were understood by Perkin Elmer Diamond thermomechanical analyzer (TMA). The nanoindentation tests were performed with a maximum load of 500 mN by MTS nanoindenter XP.
Results and Discussion Figure 1 shows the X-ray diffraction patterns obtained from the Mg 65 The DSC curves of the three melt-spun ribbons are shown in Fig. 2 . All the specimens exhibit a distinct glass transition followed by a supercooled region and then exothermic reactions due to crystallization. The crystallization exothermic reactions for these three alloys in their DSC curves all appear as one single peak, suggesting one major phase was induced during DSC heating (namely, the Table 1 . Confirmation of the thermal properties are made using two slower heating rates of 10 and 20 K/min, and the results are listed in Table 2 .
From the results in Table 1 , it is evident that the Mg 65 Cu 25 Gd 10 specimen has a higher glass forming index (γ) of 0.43 and a larger supercooled region (∆T x ) of 68 K than the Mg 65 Cu 25 Y 10 (4f  7 5d  1 5s 2 ) has seven extra free electrons in the f-orbit than Y (4d  1 5s 2 ), Gd is excpected to attract more atoms and make the bonds stronger in the amorphous state. Accordingly, the Mg 65 Cu 25 Gd 10 specimen shows higher T g and T x , and has a larger ∆T x range and γ value, which has also been reported by Men et al. [11] . The ∆T l range represents the interval between T m and T l , and there is very minor difference between the ∆T l for Mg 65 Cu 25 Y 10 and Mg 65 Cu 25 Gd 10 . This suggests that both compositions are close to the eutectic point.
The higher T g , T x , T m and T l , accompanied by the smallest γ value and ∆T x range, are seen in the Mg 65 Ni 25 Gd 10 specimen. Cu and Ni also resemble each other in many aspects, such as similar atomic size (0.128 and 0.124 nm), heat of mixing (Mg-Cu and Mg-Ni: -3 and -4 kJ/mol), and electronegativity (1.9 and 1.8). But the electronic orbits of Cu (3d 10 4s 1 ) and Ni (3d 8 4s 2 ) are different. As a result, Ni will need two electrons to form di-valence bond, which is usually stronger than the bonding for Cu, as evident from the higher melting point for pure Ni. The stronger bonding for Ni-Mg (or Ni-Gd) leads to higher T g , T m and T l . On the other hand, the lower T x might be a result of higher tendency to form 
and γ=T x /(T g +T l ) Table 2 Comparison of the DSC thermal properties at three heating rates of 10, 20 and 40 K/min 10 alloy exhibited the highest reduced T g /T l (0.58) and γ value (0.43), injection casting for fabricating bulk metallic glassy rods was conducted using this alloy composition. The resulting amorphous rods with 3 to 8 mm in diameter and with minimum porosity are shown in Fig. 3 . An enlarged view of the 3 mm rod is presented in the left figure, showing the characteristic shining surface. The BMG rods exhibit reasonable toughness and can be dropped to the ground without damage or breakage.
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Fig Table 3 . According to the MTS manual, the hardness readings obtained from the nano-indenter in unit of GPa can be transferred into the equivalent H v scale by multiplying 92.65. Both values are given in Table 3 . Note that datum variation for the nano-indentation is much larger than that for the micro-hardness measurements. Thus, the micro-hardness results are considered to reflect more accurately the overall bulk property. Also, the nano-hardness readings are typically higher than the Vicker's microhardness data.
Based Previous studies have reached the conclusion that the elastic modulus and fracture strength σ f of various BMG specimens is proportional to the T g [18] or ∆T g (=T g -T o , where To is the ambient temperature) [19] . In this study, the room temperature hardness and modulus of the Mg 65 Cu 25 Y 10 , Mg 65 Cu 25 Gd 10 and Mg 65 Ni 25 Gd 10 melt-spun specimens basically also follow this trend. Figure 4 shows the load-displacement (P-h) curve of the Mg 65 Cu 25 Gd 10 specimen from using nanoindentation at a strain rate of 0.05 1/s. There are serrations in the P-h curve for the amorphous Mg 65 Cu 25 Gd 10 specimen. The serration phenomenon has been attributed to the emission of shear bands in metallic glassy alloys [13, 14] . The variation of relative displacement ∆L of the Mg 65 Cu 25 Gd 10 ribbon obtained by TMA operated under the compressive mode at 50 mN stress and a heating rate of 10 K/min is shown in Fig. 5 . With increasing loading temperature, the relative displacement is enhanced appreciably, especially approaching the T g temperature when the glass becomes viscous. The relative displacement is enlarged from -10% to -35% over the transition temperature interval of ~400 to ~450 K. This can be more clearly seen from the derivative of the displacement, or the DTMA curve, also shown in Fig. 5 . The temperature range in which a rapid change in displacement occurs is close to the supercooled region of the Mg 65 Cu 25 Gd 10 metallic glassy ribbon, as listed in Table 2 for a heating rate of 10 K/min.
By closer comparison, the transition temperature region ∆T (=T f -T s , where T f and T s are the finishing and starting temperatures for such displacement transition) shown in the TMA or DTMA curve is slightly smaller than the ∆T x data obtained from the DSC trace. For example, ∆T is 47 K based on TMA or DTMA curve, and ∆T x is 70 K based on DSC curve. The narrower temperature interval is probably due to the stress enhanced crystallization under the TMA loading. The 50 mN compression loading in TMA might promote nano-crystallization during heating, thus shrinks the supercooled temperature region.
Conclusions
According to the results of observation for the Mg-Cu(Ni)-Y(Gd) metallic glassy alloys, the thermal and mechanical properties can be summarized as follows: 
THERMEC 2006
